Epitaxial grown thick layers (>lo0 pm) of high resistivity silicon (Epi-Si) have been investigated as a possible candidate of radiation hardened material for detectors for high-energy physics. As grown -Epi-Si layers contain high concentration (up to 2
I. INTRODUCTION
One of the attempts to reduce the effect of reverse annealing and to increase reliability of various semiconductor detectors in colliders is to use epitaxial silicon (Epi-Si) as a starting material for detector manufacturing. As the thickness of epitaxial layers de, is limited by technological aspects of layer growth and can not be comparable with that of bulk silicon, the detectors are elaborated as strip coordinate detectors. The other aspect of epitaxial layer application is the decrease of the bias that is necessary for detector full depletion due to their smaller thickness.
The goal of this study is to investigate silicon detectors made of thick epitaxial Si layers as candidates for radiation hardened detectors. In the study the detectors are *This investigation was done as a part of work established and +This research was supported in part by the U.S. Department of Energy: Contract No. supported in part by ROSE (RD48, CERN) collaboration. compared with the detectors from bulk silicon irradiated at similar proton or neutron flunkies.
EXPERIMENTAL DETECTORS AND MEASUREMENT TECHNIQUE
Epitaxial layers of n and p-type were grown with a resistivity p of a few k C k m by ITME, or with a resistivity of 500 Chcm by MACOM, USA, on wafers from low resistivity (1 O c m ) CZ Si ( Fig.1 ) with a thickness of 550-600 pm. The thickness for n-type layer was 100 or 150 pm, and for p-type layer was 150 or 200 pm. The detectors used in the study are listed in the Table I . For investigation of microscopic defects in as-grown epitaxial layers and at low irradiation fluence, detectors were manufactured as beveled etched Shottky diodes with metal contacts (Fig. 2) . The two planar detectors from ntype Epi Si (C142-C-A33 and C142-C-A34) were studied after high irradiation fluence. Additionally, irradiated detectors from bulk n-type silicon with p of 2 kQ.cm produced by Polovodice, Czech Republic, were used in the investigation of radiation hardness as reference detectors. 
EXPERIMENTAL RESULTS
I-V characteristics of non-irradiated detectors from n and p-type epi silicon are shown in Fig. 3 . The difference in the current is mainly due to the thickness of the detectors.
The spectrum of deep levels in as-grown epitaxial ntype Si is presented in Fig. 4 . Three deep levels act as electron traps with a maximum concentration of 1.5.10'' cm-3 for the trap E3 (Table 11) . Deep levels E l and E3 are similar to thermal induced defects which were occasionally detected in bulk Si after thermal oxidation at T > 1000°C. Spectra of deep levels in p-type epi Si (Fig. 5 ) involve four hole traps (traps of majority carriers) HI to H4 and an electron trap El 1. The hole trap H2 shows the maximum concentration of -3.10" cm-3 which increases superlinear with epitaxial layer thickness, and is an effective trapping center for both electrons and holes. In Fig. 6 C-DLTS spectrum for n-type epi Si irradiated at low proton fluence (1.5.10" cm-') is compared with a spectrum for non-irradiated epi Si detector and a spectrum for bulk Si detector irradiated at the same F,. It can be seen that only deep levels already existed in as-grown epi layer are detected in the irradiated detector, and no deep levels are induced by irradiation. At the same time for irradiated bulk Si detector, typical radiation induced defects with deep levels E l , E2, E3 listed in Table I1 (presumably the A-center, divacancies V V , and VV-+ E-center, respectively) are detected in the concentration range of -10" ~m -~. A reasonable explanation of this effect can be the assumption that epitaxial defects act as sinks for radiation induced primary defects (interstitials and vacancies). As for hole traps, only the deep level H2 is the same for both epi and bulk irradiated n-type Si. Thus, in the range of 77 to 300 K the main deep levels in the detectors from epitaxial n-type Si irradiated at low proton fluence are the defects from as-grown epitaxial layers. Successive steps of elevated temperature annealing (ETA) at T = 80" C were applied to stimulate the Ne, changes. TCT measurements of charge collection efficiency versus reverse voltage (Fig. 8) showed significant increase of V,, for Epi-Si detectors after 1 to 2 hours of ETA followed by a saturation. In Fig. 9 the data on V,, for two epitaxial detectors are compared with those for bulk silicon irradiated at the same neutron fluence. It can be easily seen that there is a significant difference between the absolute values of V,, for epitaxial and bulk detectors, whereas the values normalized to those after the similar period of RTA differ insignificantly. Estimation of Ne, after 3 months of RTA followed by 4 hours of ETA gives the value of -3.1 0l2 cm-3 for both detectors. The net increase in Neff during anneal are about the same for Epi-Si and bulk silicon detectors, indicating similar reverse annealing behavior. The total concentration of Neff is lower than bulk value (which is in the order of 6 to 8 xl0" cm-'). This is probably due to the fact that the initial resistivity of Epi-Si detectors are about five times lower than that of standard bulk detectors.Hence, the difference in the full depletion voltages arises mainly from the various thickness of the detectors from bulk and epitaxial silicon and initial resistivity. IV. SUMMARY 1. Thick (>lo0 pm) epitaxial high resistivity Si layers contain significant concentration (up to 10" cm-;) of defects with deep levels compared with that in a standard high resistivity bulk Si. 2. Concentration of epitaxial defects increases superlinear with a thickness of as-grown layer. 3. Epitaxial defects act as sinks for radiation induced primary defects that is evinced by significantly low concentration of radiation induced defects in epitaxial base detectors at low fluences compared with that in control detector produced from bulk Si. 4. At high radiation fluence cma2) epitaxial defects are saturated by radiation defects, and a standard spectrum of radiation induced defects is detected. The net effective concentration in the space charge region equals to 3.10'* cm-3 after 3 months of room temperature storage and a following ETA, and reveals similar annealing behavior for epitaxial silicon as compared to bulk silicon. The total concentration of Neff is lower than bulk value (which is in the order of 6 to 8 x10'* cm-'). This is probably due to the fact that the initial resistivity of Epi-Si detectors are about five times lower than that of standard bulk detectors. 5. The results show some advantages of epitaxial based material for radiation harden detectors in the low radiation fluence range. More experiments are needed to investigate the main regularities of the effect observed and its development to the problem of radiation hardness of Si detectors. Time, hours b) Neff vs. ETA temperature for various detectors Figure 9 Reverse annealing behavior for Epi-Si detectors and control detectors
